RNA from isolate F 13 of beet necrotic yellow vein virus, an isolate that lacks RNA-4, has been translated in a rabbit reticulocyte lysate. Abundant translation products of RNA-1 had molecular weights of 150000 (150K) and 50K. RNA-2 directed synthesis of the 22K viral coat protein and an 85K polypeptide. Both RNA-2 translation products were precipitated by antiserum against virus. The time course of appearance .of the 22K and 85K polypeptides, comparative peptide mapping, and translation experiments with added suppressor tRNA indicate that the cistron for the 22K viral coat protein is situated near the 5' terminus of RNA-2 and that the 85K polypeptide arises by partial readthrough of the coat protein cistron.
INTRODUCTION
Beet necrotic yellow vein virus (BNYVV) is a multicomponent RNA virus with rigid rodshaped virions 20 nm in diameter (Tamada, 1975; Steven et al., 1981) . The virus is transmitted by the soil-borne fungus Polymyxa betae and is responsible for a severe disease of sugar beet known as rhizomania, characterized by massive proliferation of fine rootlets on the main root of the beet, and other abnormalities (Tamada & Baba, 1973; Tamada, 1975) . Most isolates of BNYVV possess four RNA species but it is not yet known if all four RNAs are necessary for infectivity. In all isolates examined, RNA-I and RNA-2 have lengths of 7100 and 4800 nucleotides, respectively. RNA-3 and RNA-4, on the other hand, often differ in length between different isolates. In isolate F2, for example, RNA-3 and RNA-4 are about 1800 and 1500 nucleotides in length while in isolate G1 the corresponding RNAs are about 1400 and 1150 nucleotides long Bouzoubaa et al., 1985) . In this paper we describe BNYVV isolate F13 which contains no RNA-4, thus suggesting that RNA-4 is a satellite RNA.
In a previous study we demonstrated that BNYVV RNA-2 directs synthesis of viral coat protein and that RNA-3 and RNA-4 of isolate F2 code for polypeptides of 25K and 31K, respectively Bouzoubaa et al., 1985) . In the work described in this paper we have investigated further the cell-free translation of BNYVV RNA-1 and RNA-2 and have found that, in addition to that of viral coat protein, BNYVV RNA-2 directs the synthesis of a second polypeptide of 85K that arises from readthrough of the coat protein cistron.
METHODS
Pur!l~cation and characterization of viral RNA. Isolate F2 of BNYVV and its RNA-3 and RNA-4 are described elsewhere : Bouzoubaa et al., 1985 . BNYVV was purified from Chenopodium quinoa as described by Putz (1977) and RNA was isolated by phenol extraction. Viral RNAs were separated by electrophoresis in a low melting point agarose gel containing methylmercury(II) hydroxide and extracted from the gel as described by Richards et al. (1985) except that only the RNA in the outer lanes of the gel was stained (with orthotoluidine blue) to serve as a guide for excising the bands from unstained lanes. Usually gel-purified RNA was freed of contaminating impurities by affinity chromatography on 0.5 cm columns of oligo(dT)-cellulose poured in Pasteur pipettes. After ethanol precipitation the separated RNAs were dissolved in sterile water to give 0000-6670 © 1985 SGM V. ZIEGLER AND OTHERS concentrations of 0.2 to 0.5 mg/ml. Nick-translated cloned cDNA probes specific for each RNA and randomly primed reverse transcript probes specific for all four RNAs were prepared as described by Richards et al. (1985) . Cell-J?ee translation. Lysed rabbit reticulocytes for cell-free translation were purchased from Green Hectares (Oregon, Wis., U.S.A.), the lysate was treated with micrococcal nuclease and prepared for translation essentially as described by Pelham & Jackson (1976) . A translation reaction mix (usually 10 gl) contained 0.6 volume lysate, 15 ~tM-haemin, 2.8 mM-creatine phosphate, 30 ~tg/ml creatine kinase, 15 mM-HEPES pH 7.5, 0.8 mM-CaC12, 8 ~tg/ml micrococcal nuclease (Sigma), 14 mM-EGTA, 85 p.g/ml calf liver tRNA (Boehringer), 1 mM-dithiothreitol (DTT), 60 ~tM of each amino acid except methionine and 500 ~tCi/ml [35S]methionine (Amersham, 1500 Ci/mmol). The concentrations of BNYVV RNA, potassium acetate and magnesium acetate were 50 to 100 ~tg/ml, 160 mM and 1 mM, respectively, concentrations that were found to be optimum in preliminary experiments. Incubation was at 30 °C for l h. Translation of 0.8 ~tg BNYVV RNA generally stimulated the incorporation of radioactivity into TCA-insoluble material 20-to 30-fold.
The translation products were analysed by electrophoresis in 12.5 ~ polyacrylamide gels as described by Fritsch et al. (1980) . After translation, samples were mixed with an equal volume of 2 × loading buffer (120 mM-Tris-HC1 pH 6.8, 10 ~ SDS, 10 ~ 2-mercaptoethanol, 20 ~o glycerol, 0.2 ~ bromophenol blue), heated at 100 °C for 3 rain and loaded on the gels. Molecular weight markers (Bethesda Research Laboratories) were myosin (200K), phosphorylase b (97K), bovine serum albumin (68K), ovalbumin (43K), c~-chymotrypsinogen (25-7K), /3-lactoglobulin (18.4K) and lysozyme (14.3K). Autoradiograms were scanned using a Shimadzu C5-930 densitometer with automatic calculation of peak areas. In some cases, 10 mM-3-mercaptopropionic acid (Alfa) was added to the upper buffer compartment of the gel to prevent oxidation of sulphydryl groups during electrophoresis (Lane, 1978) .
Immunoprecipitation. 3sS-labelled translation products were immunoprecipitated as described by Franssen et al. (1981) with minor modifications. Ten btl of translation reaction mixture was diluted to 100 ~tl with 10 mM-sodium phosphate pH 7.2, 0'9~o NaCI, 1 ~ Triton X-100, 0.5~ sodium deoxycholate, 0.1 ~ SDS (PBSTDS), mixed with 5 ~tl preimmune serum or anti-BNYVV serum (prepared by C.P.) and incubated overnight at 4 °C. The mixture was then supplemented with 25 ~tl 10~ (w/v) Protein A Sepharose (Pharmacia) and 2 ~tl 5~ bovine serum albumin and incubated for 2 h at 4 °C. Samples were then centrifuged at 15000g for 10 min and the pellets were washed three times with PBSTDS. The pellets were dissolved in 30 ~tl 1 × loading buffer and analysed by PAGE.
Comparative peptide mapping of translation products. 35S-labelled translation products were resolved by PAGE, localized by autoradiography of the dried gel and several gel slices containing each translation product to be compared were excised. Each gel slice was soaked for 30 min in 125 mM-Tris-HCl pH 6.8, 1 mM-EDTA, 0.1 ~ SDS and placed in the sample well of a 17.5~ polyacrylamide gel containing 0.07~ bisacrylamide (Cleveland et al., 1977) . Between 0.1 and 1 ~tg of Staphylococcus aureus V8 protease (Miles Laboratories) was added to each well just before starting electrophoresis. Electrophoresis was stopped when the bromophenol blue marker had reached the interfaceTbetween the stacking and resolving gels and, after 30 min, was then continued. The products of V8 protea'se partial digestion were visualized in the gel by fluorography (Bonnet & Laskey, 1974) .
N-terminal 35S-labelling of translation products. An extract containing Escherichia coil aminoacyl-tRNA synthdtases and transformylase was prepared from E. coli K 12 H FrH essentially as described by Stanley (1972) . Bacteria were grown in 2 1 of L broth to a cell density of about half that of the stationary phase, collected by centrifugation, resuspended in 300 ml 50 mM-Tris-HC1 pH 7.4, 60 mM-KC1, 10 mM-MgCIz, 1 mM-2-mercaptoethanol and centrifuged again. All manipulations were done at 4 °C. The bacterial paste was ground in a mortar with 5 g alumina and extracted with 20 ml ice-cold 10 mM-Tris-HC1 pH 7.4, 1 mM-MgCI2, 1 mM-2-mercaptoethanol (buffer A) containing 2 ~tg/ml DNase (Worthington). The suspension was centrifuged at 14000g for 15 min and the supernatant fluid was centrifuged for 2 h at 55 000 r.p.m, in a Beckman 60Ti rotor. The middle two-thirds of the tube contents was drawn off with a Pasteur pipette and dialysed overnight against 21 of buffer A. The solution was loaded on a 1.2 x 20 cm column of DEAE-cellulose which had been equilibrated with buffer A. The column was then washed extensively with buffer A and aminoacyl-tRNA synthetases and transformylase were eluted in buffer A containing 0.2 M-KCI. The absorbances of fractions were measured and the first fractions of eluted protein, in which the ratios ofAz8o/A z6o were highest, were pooled, divided into 100 ~tl aliquots, frozen in a dry ice-ethanol bath and stored at -70 °C.
The E. coli aminoacyl-tRNA synthetase preparation was used specifically to aminoacylate and formylate tRNA~ "et from calf liver. The reaction mixture (50 ~tl) contained 50 mM-cacodylic acid adjusted to pH 7.4 with NaOH, 10 mM-ATP, 1 mM-CTP, 15 mM-MgC12, 250 ktCi [35S]methionine, 0-1 mM of each of the 19 other amino acids, 0.1 mM-calcium leucovorin (Serva), 40 I.tl E. coli synthetase fraction and 800 ~tg calf liver tRNA (Boehringer). The [35S]methionine was dried in a glass test tube and dissolved in the reaction mixture. The calf liver tRNA was added last as a lyophilized powder. The calcium leucovorin served as a formyl donor for the E. coli transformylase activity present in the synthetase extract (Stanley, 1972) . After 30 rain at 37 °C the reaction was stopped and proteins were removed by phenol extraction. Unincorporated [35S]methionine was eliminated by gel filtration through a 0.8 x 30 cm column of Sephadex G-50 (medium) in 10 mM-ammonium acetate, pH 5.0. About 75 ~ of RNA (a, c, e, g, 0 and BNYVV (F 13) RNA (b, d,f, h,j) were electrophoresed in parallel lanes through a 1~ glyoxal-agarose gel and transferred to diazobenzyloxymethyl paper. A strip of paper corresponding to each lane was hybridized with 32p-labelled randomly primed cDNA probe prepared from BNYVV (F2) total RNA (a, b), or nick-translated plasmid DNA harbouring a cDNA insert derived from each RNA . (c, d) Clone pBF5 (RNA-1); (e,f) clone pBF14 (RNA-2); (g, h) clone pBFI 1 (RNA-3); (i, j) clone pBF4 (RNA-4). RNA species are numbered.
the radioactivity eluted in the void volume of the column with the tRNA. RNA was precipitated from the peak fractions by adding ethanol, redissolved in 10 mM-potassium acetate pH 5.0, 10 mM-MgC12, 0.5 mM-EDTA, 350 mM-NaCI (buffer B) and loaded onto a 0.8 x 30 cm column of RPC-5 (a gift from C. Florentz) equilibrated with buffer B. The column was developed with a linear gradient from buffer B (150 ml) to buffer B plus 1 M-NaCI (150 ml). The peak of radioactivity, which eluted well ahead of the bulk of the tRNA, was collected, concentrated by ethanol precipitation and dissolved in 10 ~tl sterile water. For translation experiments 3 ~tl of the formyl [3sS]MettRNA~ et was added to 30 ~tl of translation mix which had been supplemented with 1 mM of non-radioactive methionine.
RESULTS

An isolate of B N Y V V lacking RNA-4
When inoculated to Chenopodium quinoa, BNYVV isolate F2 induced large chlorotic local lesions which often spread along the veins. After several passages of our F2 inoculum in C. quinoa a few necrotic local lesions also appeared in the inoculated leaves. In an effort to obtain a more uniform inoculum, isolate F2 was inoculated to C. quinoa at high dilution so that no more than one or two local lesions appeared on each leaf; a single local lesion of each type was used for a second high dilution passage in C. quinoa. The resulting chlorotic local lesion isolate, designated F 13, has remained uniform in character throughout numerous successive large-scale propagations and is now our type isolate. F13 virus was used as the source of RNA in the experiments described below.
The local lesions characteristic of isolate F 13 resembled the chlorotic local lesions induced by the original F2 isolate. However, when the RNA of purified F 13 virions was analysed by agarose gel electrophoresis and Northern blotting with cDNA probes specific for each RNA, no RNA-4 was detected (Fig. 1) .
Cell-free translation of BN YVV RNA
In an earlier study, a commercial rabbit reticulocyte cell-free system (New England Nuclear) was used to translate BNYVV RNA . Although this system was satisfactory for translation resulting in small polypeptides such as viral coat protein, synthesis of larger translation products was very poor. In this paper we describe translation of BNYVV in a more efficient 'home-made' rabbit reticulocyte lysate. Preparation of the lysate for translation was essentially as described by Pelham & Jackson (1976) except that the system was supplemented with calf liver t R N A and DTT and a higher concentration of E G T A was used to stop micrococcal nuclease digestion. In pilot experiments, the effect of K ÷ and Mg 2÷ concentration on the gel profile of BNYVV translation products was determined. Final added concentrations of 160 mM-potassium acetate and l mM-magnesium acetate were found to give optimal levels of synthesis of all polypeptides (data not shown). Translation at non-optimal concentrations did not cause qualitative changes in the translation products but gave less of the longer polypeptides. When translation products of R N A of isolate F13 were fractionated in a 12.5% polyacrylamide gel (Fig. 2a) , five abundant translation products were routinely detected, with estimated molecular weights of 150K (P150), 85K (P85), 50K (P50), 23K to 26K (P25) and 22K (P22). P150, P85 and P50 were obtained only in trace amounts in our earlier translation studies using the commercial translation kit. Gel-purified RNA-1 directed synthesis of P 150 and P50 (Fig. 2 b) whereas purified RNA-2 directed synthesis of the viral coat protein, P22, as shown previously , and of P85 (Fig. 2c) .
In such experiments, the translation product of RNA-3 (P25) often, but not always, migrated as a broad band of about 23K to 26K (Fig. 2d) . It is known that diffuse bands of this sort may arise from re-oxidation of reduced sulphydryl groups in cysteine-rich proteins during gel electrophoresis (Lane, 1978) . Addition of the reducing agent 3-mercaptopropionic acid to the upper buffer compartment of the electrophoresis apparatus (Lane, 1978) prevented oxidation and gave a sharp band for P25 (Fig. 2e, f ) . Gels were not routinely run under reducing conditions, however, unless the RNA-3 translation product was of special interest because electrophoresis in the presence of 3-mercaptopropionic acid required much longer migration times. In addition to the five abundant polypeptides described above, a number of minor translation products were also present. Translation of purified RNA-1 usually gave rise to numerous minor bands migrating between 40K and 150K (Fig. 2b) . These products probably result from incomplete translation of the long P 150 polypeptide ('eady quitter' ribosomes) or translation of partially degraded RNA-1 molecules. Some of the minor species could also be proteolytic degradation products of larger polypeptides as it is known that rabbit reticulocyte lysate contains proteases (Mumford et al., 1981) .
The time course of appearance of the various BNYVV translation products is shown in Fig. 3 . P22 and P25 appeared within 5 min and 8 min, respectively. P50 and P85 appeared after 15 min incubation and P150 after 30 min incubation. Minor polypeptides of 48K, 68K, 70K and 72K were detected in some translations (e.g. Fig. 2e, Fig. 3 ). Experiments with purified BNYVV RNA and comparative peptide mapping indicate that these polypeptides are encoded by RNA-2 but they have not been studied in further detail.
Immunoprecipitation of translation products
The BNYVV RNA-directed translation products were characterized by immunoprecipitation with antiserum prepared against virus. The RNA-2 translation products P22 and P85 were i mmunoprecipitated but the RNA-1 and RNA-3 translation products were not (P150, P50 and P25) (Fig. 4) . No translation products reacted with preimmune serum (Fig. 4c) .
Comparative peptide mapping of translation products
In order to study the structural relationship between the RNA-2 translation products further, gel slices containing 35S-labelled P22 and P85 were incubated under mild conditions with V8 protease (Cleveland et al., 1977) and the partial digestion products were fractionated by PAGE (Fig. 5 a, b) . The presence of numerous co-migrating partial digestion products provides further evidence that P85 contains the P22 sequence. It is noteworthy that many of the most prominent partial digestion products of P85 correspond to peptides also present in P22. This may indicate that the portion of the P85 polypeptide colinear with P22 has a higher content of methionine than the rest of the chain. A second possibility is that P22, being the viral coat protein, is rather resistant to proteolytic attack so that large partial digestion products containing this portion of the P85 sequence are relatively more abundant.
Comparative peptide mapping of N-terminally labelled translation products
The nature of the sequence overlap between P22 and P85 was further investigated by comparing their N-termini. Translation was carried out with formyl-[3SS]methionine-tRNA~ 'et in place of [ 35S]methionine as described by Pelham (1978) . The N-terminal 35 S-labelled P22 and P85 translation products were separated on a polyacrylamide gel and subjected to partial digestion with V8 protease and analysis as described above. Partial digestion of N-terminally labelled P22 produced three major peptides in addition to undegraded P22 (Fig. 5c) . The same three peptides were produced when the N-terminally labelled P85 was subjected to partial V8 protease treatment (Fig. 5d) , thus establishing that P22 and P85 have the same N-terminus.
Amber suppressor tRNA enhances readthrough o f the BNYVV coat protein cistron
The foregoing observations are consistent with a translation strategy for BNYVV RNA-2 involving partial readthrough of the termination codon of the viral coat protein cistron to produce P85, Beier et al. (1984) have recently isolated and characterized two closely similar tRNA tyr species from tobacco which can further stimulate readthrough of the tobacco mosaic virus (TMV) 126K amber termination codon. We have found that the tobacco suppressor tRNA tyr has a similar effect on translation of BNYVV RNA-2. Fig. 6 shows densitometer tracings of an autoradiogram of BNYVV RNA translation products synthesized in the presence of 25 ~tg/ml (Fig. 6b) and 50 gg/ml (Fig. 6c) highly purified tobacco amber (UAG) suppressor tRNA tyr (a gift from Dr H. Beier). Compared to the control in which no exogenous tRNA was present (Fig. 6a) , addition of the suppressor tRNA markedly enhanced synthesis of P85. No such effect was obtained when an equivalent amount of calf liver tRNA was added to the translation mix (data not shown). We conclude that the leaky termination codon for the BNYVV coat protein cistron is probably UAG but sequence analysis of RNA-2 will be required to establish this conclusively.
DISCUSSION
In this paper we show that BNYVV isolate F2 can be freed of RNA-4 by successive high dilution passages of single chlorotic local lesions, suggesting that RN A-4 is a satellite RNA. This hypothesis is consistent with other features of RNA-4, notably its lack of sequence homology with RNA-1 and RNA-2 and the length variation observed for RNA-4 from different BNYVV isolates (Richards et al., 1985 and further observations) . Conclusive evidence for the satellite nature of RNA-4, however, must await infectivity studies showing that an RNA-4-free isolate such as F13 can support replication of added RNA-4.
The results presented in this paper extend our earlier work on the translation in vitro of BNYVV RNA. The maximum coding capacity of RNA-1 is about 240K. In addition to the two abundant RNA-l-directed polypeptides P150 and P50 described above we sometimes detect a polypeptide of 200K among the BNYVV RNA translation products (see Fig. 2e , for example). RNA-1 is the only BNYVV RNA largeenough to encode a polypeptide of this size and we have recently obtained its synthesis in small amounts using purified RNA-1 (data not shown). From their sizes it follows that the 200K polypeptide and P 150 must overlap in some way. One possibility is that the longer RNA-1 translation products arise from readthrough of leaky termination codons as occurs in TMV (Pelham, 1978) and for BNYVV RNA-2. The suppressor tRNA used in this study, however, did not cause a significant increase in synthesis of the longer RNA-1 translation products. It is evident that a better understanding of the synthesis of the various RNA-1 translation products will require additional investigation.
The heterogeneous mobility of P25, the RNA-3 translation product, during electrophoresis under non-reducing conditions suggests that this polypeptide contains cysteine residues which readily undergo re-oxidation (Lane, 1978) . The BNYVV (F2) RNA-4 translation product, P31, frequently behaves in a similar fashion, migrating as a diffuse band of 29K to 32K (data not shown). All other BNYVV translation products migrate normally. The nucleotide sequence data (Bouzoubaa et aL, 1985) show that the RNA-4 translation product, P31, is very rich in cysteine residues (18 out of 282 residues); P25 is less cysteine-rich (8 out of 219 residues) but five of the eight cysteines are clustered within a stretch of 25 residues. Nonetheless, the fact that P25 and P31 are the only BNYVV translation products to migrate anomalously raises the possibility that the two proteins may have other points of similarity which are not readily apparent from comparison of their known primary structures.
The genomic organization for BNYVV RNA-2 is shown schematically in Fig. 7 . We assume that the common initiation codon for P22 and P85 is located near the 5' terminus of the RNA. This leaves about 2400 nucleotides at the 3' terminus of RNA-2 for which translation products have not yet been detected.
Perhaps the best characterized example of termination codon suppression both in vitro and in vivo occurs with TMV RNA, in which overlapping 126K and 183K proteins are produced by partial readthrough of a UAG termination codon (Pelham, 1978; Beier et al., 1984) . A similar strategy for genome expression involving leaky termination codons has been reported for a number of plant viruses in addition to TMV (Joshi & Haenni, 1984) , but readthrough of the coat protein cistron to give a longer polypeptide with the coat protein sequence at its N-terminus as in the case of BNYVV RNA-2 (Fig. 7) represents an unusual situation. Hsu & Brakke (1985) have recently described the cell-free translation of soil-borne wheat mosaic virus (SBWMV) RNA. They have shown that the coat protein cistron is situated at the 5' terminus of SBWMV RNA-2 and that translation of RNA-2 produces, in addition to viral coat protein, polypeptides of 28K and 90K, probably resulting from readthrough of the coat protein cistron (Hsu & Brakke, 1985) . BNYVV and SBWMV have a number of features in common, including a divided genome and similarities in particle morphology and vector, which has led Shirako & Brakke (1984) to suggest that SBWMV and BNYVV be classified in a new group, the furoviruses (fungus-borne rod-shaped viruses). The close similarity between the mode of translation of RNA-2 of SBWMV and BNYVV provides additional grounds for such a classification. On the other hand, cell-free translation experiments with RNA from Indian peanut clump virus (IPCV), another rod-shaped virus transmitted by Polymyxa, have shown that IPCV RNA-2 encodes viral coat protein but does not undergo readthrough to produce a longer polypeptide as well (Mayo & Reddy, 1985) . Thus, IPCV may differ in this respect from BNYVV and SBWMV. The possibility cannot be ruled out, however, that readthrough of IPCV RNA-2 can occur but requires a suppressor tRNA activity which is absent from the reticulocyte cell-free system.
The functional significance of the BNYVV P85 readthrough protein must remain uncertain until it has also been shown to occur in vivo in infected host plants. It is noteworthy, however, that the 90K readthrough protein encoded by RN A-2 of SBWMV can be detected in extracts of infected plant tissue where it may be associated with cytoplasmic inclusion bodies (Hsu & Brakke, 1985) . Somewhat similar structures occur in BNYVV-infected tissue (Russo et al., 1981) and it will be of interest to determine if the BNYVV 85K readthrough protein is associated with thenl.
